Abstract: Managing nitrogen (N) inputs to sustain high yields while minimizing losses to adjacent environments remains among the foremost aims in agroecosystems. We studied the N balance in a study established in 1911 at Lethbridge, AB, Canada. The experiment includes three cropping systems -continuous wheat (W), fallowwheat-wheat (FWW), and fallow-wheat (FW) -with a factorial of two N rates (0 and 45 kg N ha −1 ) and two phosphorus (P) rates (0 and 20 kg P ha −1 ) superimposed beginning in 1967. In unfertilized subplots, grain yields generally increased for the first eight decades, but then declined, perhaps partly because of growing N deficiency. Yield response to N increased over time, especially under continuous cropping and when co-applied with P. Soil N concentration in the surface 15 cm declined in the first few decades, and then approached an apparent steady state. Application of N increased soil N, roughly in proportion to the amount of residue returned. For the first half-century , N removal was approximately equivalent to the loss of soil N in the surface 15 cm. Since then, however, when the soil organic N was near steady state, removals of N in grain exceeded N inputs by approximately 20-30 kg N ha −1 yr −1 , suggesting an input from outside sources, perhaps partly from atmospheric NH 3 . This study demonstrated the importance of long-term experiments in evaluating the N balance of cropping systems, and indicated the potential significance of non-fertilizer N inputs from outside sources in such ecosystems.
Introduction
More and more nitrogen (N) fertilizer is applied to the farmland to sustain and increase yields in the face of growing population and food demands (Galloway et al. 2014; Zhang et al. 2015) . By one estimate, at least 2 billion people today depend for food on reactive N inputs from the Haber-Bosch process (Galloway et al. 2008) . But added reactive N is used inefficiently by growing crops -only a small fraction, often only about half -is recovered in harvested crops; much of the rest leaks into the environment causing eutrophication of lakes, enhancing the greenhouse effect, and reducing biodiversity locally and globally (Davidson et al. 2012; Tomich et al. 2011; Ti et al. 2012; Kuosmanen 2014; Lassaletta et al. 2014) . Thus, N fertilizer is both a needed resource and a serious environmental problem. Researchers world-wide seek to develop systems to resolve both sides of this conundrum: ensuring adequate nutrition of crops, but minimizing harmful effects of reactive N (Galloway et al. 2013) .
One useful tool for investigating this challenge is to calculate N budgets (Meisinger et al. 2008; Groffman 2008; Ti et al. 2012; Kimura et al. 2012; Worrall et al. 2015; Liu et al. 2016) . Estimating the N balance is invariably subject to assumptions and limitations, because N occurs in many forms, some of which are highly dynamic, so that not all of its fluxes can be easily quantified. Nevertheless, even with some inevitable approximations, calculating N budgets offers invaluable clues about whether systems are losing or gaining N, the possible routes of any losses, and the practices that might best improve efficiency.
Nitrogen balances can be effectively understood only by considering long time periods (Powlson 1994) . Shortterm studies may help identify potential improvements in practices, but the eventual influence on the N-use efficiency are often only seen after decades, because changes may be subtle, and because short-term fluctuations may mask the underlying trends (Janzen 1995; Richter et al. 2007 ). Therefore, long-term experiments are invaluable resources for calculating N balances for selected cropping systems. Invariably, such longrunning studies have some limitations; for example, many of the early designs did not include proper replication . Still, such long-term experiments offer one of the few ways of tracking N dynamics over multi-decadal time periods.
Our objective in this study was to assess the longterm effect of management practices (e.g., fallow and (or) cropping frequency, fertilizer type, and amount) on soil N content, grain yield, and N budget in a longterm study in the semi-arid prairies of southern Alberta, Canada, established in 1911. This study is unique in that it allowed us to estimate N losses or gains during a century of agricultural production, spanning virtually the entire time from initial cultivation of the soil to the present day.
Materials and Methods

Historical study
A long-term experimental site was established in 1911 on recently broken land at the Agriculture and AgriFood Canada Research and Development Centre in Lethbridge, AB, Canada (49°42′N, 112°47′W) to determine what crop rotations best preserved profitability and soil fertility (Freyman et al. 1982; Janzen 1995 Janzen , 2003 (Fig. 1) . Phosphorus was applied with the seed as triple super phosphate (0-45-0), whereas N was broadcast as ammonium nitrate (34-0-0) prior to seeding. Nitrogen was applied to all phases (including fallow, to equalize N inputs) from 1967 to 1985, but only to cropped phases thereafter. The annual P rate was reduced from 20 to 10 kg P ha −1 in 2010, in accordance with current agronomic recommendations. The design of the experiment was unique in that it included two sets of plots in close proximity: the Rotation plots (described above), intended for collection of yield and agronomic data, and the Chemist plots, intended for collection of soil samples (Janzen 1995) . The Chemist plots were much smaller than the Rotation plots, to minimize the spatial variability of soils. As well, the Chemist plots had only one phase of each rotation represented each year. Both sets of plots have been maintained under similar agronomic conditions.
Site description
The experiment is situated on relatively level land, with a slight depression running across the Rotation plots from east to west. The soils are predominantly Orthic Dark Brown Chernozem (Typic Haplustoll). Surface soils (A p horizon) have a loam texture (450 g kg
of sand, 300 g kg −1 of silt, and 250 g kg −1 of clay) and neutral pH (Smith et al. 2015) , and subsurface layers are calcareous. The site is moderately well-drained and the water table during winter months is usually between 2 and 3 m below ground level. The climate at Lethbridge is relatively dry; average annual precipitation at Lethbridge is 396 mm, considerably less than the potential evapotranspiration of 1085 mm (Alberta Government 2013). About 40% of the total precipitation is received during the growing season (May-July) but distribution and amounts of rainfall are highly variable from year to year (Fig. 2) .
Management practices
Soil management practices for the plots have evolved over time. The moldboard plow and disc implements, used in the early years, were replaced by the wide blade cultivator in 1939 when stubble mulch practices were adopted. In recent decades, tillage has been progressively reduced but has been used in some years for seedbed preparation and herbicide incorporation. All straw above the cutting height was removed from the plots until 1943 when combine harvesters were first used.
Soil and biomass sampling and analysis
Through remarkable foresight, originators of the experiment collected and archived soil samples in 1910, just prior to or shortly after the initial breaking of the sod. Since that time, soil samples have been collected and archived on roughly decadal intervals ( Table 1 ). The soil samples were air-dried and stored in glass jars or plastic-lined paper bags at room temperature.
The sampling pattern and approach has varied over the decades. For recent measurements (2003 and 2011) , samples were taken at three depth intervals (0-15, 15-30, and 30-45 cm) using a 7.6 cm diameter Giddings truck-mounted probe along five sample lines yielding five "replicate" samples for each subtreatment (Fig. 1) . Two cores were obtained at each sampling location and composited, then dried and weighed. Soil samples in 1995 presumably were obtained in similar pattern. Sampling patterns from earlier years were less consistent, and were apparently not always recorded precisely.
In 2015, we analyzed the total N and organic C concentrations of archived samples, spanning a complete century from 1910 to 2011, to ensure consistency of analytical techniques. Samples from 2003 were not reanalyzed, because they had been recently analyzed using the same procedures. A representative subsample of the archived samples was finely ground (<150 μm) and analyzed using a CN analyzer (NA-1500, CE Instruments, Milan, Italy; Baccanti et al. 1993) . Only the total N concentrations are relevant to our objective here; organic C concentrations are reported elsewhere (manuscript in preparation).
All plots were initially seeded in 1911, and grain yields have been recorded annually (the experiment suffered extensive hail damage in 1911, so the first yields were reported for 1912). In the early years, the wheat was cut, tied into sheaves, and weighed. After threshing, the grain was weighed, and straw yield was calculated. Since the introduction of combines, only grain yields were consistently recorded. Since the establishment of fertilizer treatments in rotation ABC, yields were measured by harvesting a swath the length of each subplot. Since 1996, oven dry weight was determined from a sample of grain from each subplot dried at 60°C; for yields measured before that time period, moisture content was assumed to be 0.125 g H 2 O g −1 moist grain. Grain yield and N removal were reported on a rotation basis; for example, the rotation yield for FWW was the average of all three phases, including the zero yield in the fallow phase. Since 1992, the grain was analyzed for N concentration by an automated combustion technique using a CN analyzer (NA-1500, CE Instruments, Milan, Italy) and prior to 1992 grain N concentration was measured by Kjeldahl acid digestion analysis (Paul et al. 1997) . For the period prior to 1977, for which data were not available, grain N concentration for each treatment was estimated from the mean of values from 1992 to 2014. Straw N concentration, used in estimating the removal of N in early years of the experiment, was assumed to be 0.005 g N g −1 straw, a typical concentration for dryland wheat (Campbell et al. 1992) . Although this value is approximate, any errors arising from this assumption were small, owing to the relatively small amounts of N removed in straw.
N balance and fertilizer N recovery calculations
According to a general mass balance, for a defined area and a given interval of time:
where ΔN Soil is the gain in soil N. N Inputs is the N in seed (N S ), N in fertilizer (N F ), and N added from unknown sources (N U ) (Bremer et al. 1995) . N Outputs is the N removed in grain (N G ) and straw (N S ) as well as the N lost to groundwater by leaching and to atmosphere in gaseous forms (N L ). The detailed mass balance equation, therefore, is as follows:
If we assume that N L = 0, then N U can be calculated according to eq. 3
We recognize that N L is almost certainly greater than zero, perhaps in the order of several kg N ha −1 yr −1 (Janzen et al. 2003; Campbell et al. 2006 ), but this approach allows a first Note: For many of these dates, archived soil samples from the 15-30 cm layer are also available. W, continuous wheat; FWW, fallow-wheat-wheat; FW, fallow-wheat.
a Soil samples were also obtained in 1984, but from a shallower depth (0-10 cm). approximation of N U . If N L > 0, then this first approximation underestimates N U by the amount of N L . Thus, our approach generates a conservative estimate of N U . Nitrogen inputs via N 2 fixation were also considered negligible (less than 0.1 kg N ha
), based on earlier measurements (Bremer et al. 1995) .
We calculated the N balance for two time periods : 1911-1966 and 1967-2014, corresponding to the time before and after inception of N fertilizer treatments. Changes in soil N were calculated for the surface 0-15 cm, the layer of soil most prominently affected by cropping. The ΔN Soil was calculated by subtracting soil N for 1911 and 1967 from soil N for 1967 and 2014, respectively. For each year, soil N stock in the top 15 cm of soil was calculated using the equation:
where S is the N stock (kg ha
, ρ is the bulk density (g cm −3 ), and h is the thickness of the soil layer (cm). Fertilizer N recovery for each rotation was calculated from the difference in grain N removal between the N-fertilized treatment and the corresponding non-N-fertilized treatment. For example, the N 0 P 0 treatment was considered as the check for the N 45 P 0 treatment, and the N 0 P 20 treatment was considered as the check for the N 45 P 20 treatment.
Statistical analysis
Analysis of variance (ANOVA) was conducted using the PROC MIXED procedure (SAS Institute Inc., 2008) on soil total N (0-15 cm) for years 1995, 2003 , and 2011 to determine significant rotation, treatment effects, and their interaction in each year. The assumption of normality was checked using PROC UNIVARIATE. The five sampling transects across each of the long, narrow plots were considered as blocks, even though the experimental design does not include true replicates. Although this assumption is clearly a simplifying approximation, it conforms with earlier analyses on the same experiment (Janzen 1995) which contended that the sampling points within a treatment, in the long narrow subplots, had sufficient spatial separation to minimize errors associated with the absence of the randomization. In other words, sampling points were far enough apart within a subplot to be more-or-less independent. The statistical model included block (with five levels) as a random factor and fertilizer treatments (four levels) and rotations (three levels) as fixed factors. Treatment differences were accepted if P < 0.05 using the Tukey-Kramer method.
Results and Discussion
Long-term yield trend and N removal Rotation grain yields, without added fertilizer, were virtually identical among systems from 1911 to 2014 (Fig. 3) . Average rotation yield for W, FWW, and FW over this time period was 1271, 1225, and 1311 kg ha
respectively. Plot yields after fallow were almost exactly twofold plot yields after wheat, largely because moisture and soil nitrate accumulated during the fallow year, so that the yield response to fallow offset the loss of yield during the fallow year, resulting in rotation yields (average of cropped and fallow phases) that were minimally affected by fallowing. Despite appreciable year-to-year variability, grain yield in unfertilized subplots showed a general increasing trend over the first eight decades of the experiment, likely because of improvements in weed control, crop varieties, and other cultural advances, as reported in earlier analyses (Freyman et al. 1982; Janzen 1995) . In the last two decades, however, yields have generally declined, partly because of problems with weed control and unusual precipitation patterns in selected years (Smith et al. 2015) . Mounting evidence, however, also points to growing N deficiency in these plots. In recent decades, average grain N concentration in treatments receiving no N fertilizer was usually not greater than 2.6% (∼13.5% protein) (Table 2) , which, in hard red spring wheat, is indicative of insufficient plant-available N (Manitoba Agriculture, Food and Rural Development 2015) . Furthermore, the yield response to added N has increased in recent decades, suggesting progressively more acute deficiency without N fertilization. For example, the yield advantage of N 45 P 0 over N 0 P 0 was 152% for 1995-2014, compared with 125% for 1967-1994 for W.
From 1972 onward, when all four fertilizer treatments were in place, rotation yields without fertilizer were similar among systems (Fig. 4) , as observed for the entire duration of the experiment. Applying P alone had little influence on yield, but N application especially with P, elicited substantial response (Smith et al. 2015) . Yield response to fertilization was directly related to cropping Fig. 3 . Long-term rotation yields, presented as 5-yr moving averages, in unfertilized subplots of the historical ABC rotations from 1912 to 2014. Rotation designations are as follows: W, continuous wheat; FWW, fallow-wheat-wheat; FW, fallow-wheat. Rotation yield refers to the average yield across all phases of the rotation, including the zero yield during the fallow phase. The fallow-wheat-wheat system was fallow-wheat-oat until 1923.
intensity; for example, yield response to fertilization ÂÀ yield N 45 P 20 − yield N 0 P 0 Á =yield N 0 P 0 × 100 ÁÃ was 20% for FW, 45% for FWW, and 71% for W. These findings corroborate earlier observations that long-term productivity was constrained in these systems by nutrient limitations, not by moisture stress as often presumed. Evidently, alleviation of nutrient stress improves water use efficiency for continuous cropping, resulting in greater yield compared with rotations with a fallow phase (Janzen et al. 1997a; Kröbel et al. 2012) .
Cumulative N removal over one century was more-orless linear in the unfertilized treatments, with a slope (annual N removal) of approximately 30 kg N ha −1 yr −1 (Fig. 5) . Thus, over the course of a century, total removal of N in harvested biomass (mostly grain) amounted to approximately 3 Mg ha −1 , an amount roughly equivalent to the entire stock of surface soil N at the site in 1910 (approximately 3.6 Mg N ha −1 to a depth of 15 cm).
The amount of N removal from unfertilized systems was virtually the same in all three cropping systems (Fig. 5) , bolstering the earlier observation that grain yield was constrained by N availability. Application of N markedly increased N removal, but P application had minimal effect, except when co-applied with N. The amount of N removal in N-fertilized treatments increased progressively with greater cropping intensity, from FW to W, reflecting the increased yield response (Fig. 5) . Thus, N export in FW was only marginally affected by N fertilization, indicating that non-fertilizer N sources were almost sufficient to maintain yields, whereas N export in the W treatment was increased by 44%, indicating severe N deficiency under continuous cropping. Note: W, continuous wheat; FWW, fallowwheat-wheat; FW, fallow-wheat.
a Subscripts denote the rate of fertilizer N or P applied (kg ha 
Changes in soil N
In 1910, prior to the establishment of the experiment, the surface soil had a concentration of approximately 2 mg N g −1 (Fig. 6) . In all unfertilized systems, the N concentration declined with time and then approached an apparent steady state after several decades. Soil N concentration was consistently higher in W than in FW or FWW (Table 2 , P < 0.001), indicative of the negative influence of fallow on organic matter conservation (Biederbeck et al. 1984; Bremer et al. 1994; Janzen et al. 1998; Campbell et al. 2005) . Although soil N apparently reached a new equilibrium after losses in early decades after initial cultivation, concentrations of soil N after 1995 offer hints of potential losses in the unfertilized subplots of all systems (Fig. 6) . The changes, however, are likely within the margin of error associated with analytical imprecision and soil variability, and confirmation of their significance may require longer time periods.
Application of N fertilizer generally increased soil N concentration, compared with that in treatments receiving no N (Table 3 ), but P application had minimal, if any, effect on soil N. These differences among fertilizer treatments are closely related to yield responses, reflecting the amounts of residues (and hence, organic N) returned to the soil. This relationship was confirmed by regression analysis which showed a positive linear relationship between grain yield (Campbell and Zentner 1993; Janzen et al. 1998; Malhi et al. 2005; Powlson et al. 2010; Ladha et al. 2011) . Based on measurements of total N, we see no evidence of organic matter depletion from fertilizer N amendments, as proposed by others ).
Fertilizer N recovery in harvested grain
Apparent fertilizer N recovery was inversely proportional to the frequency of fallow in the system, ranging from 11% for FW to 40% for W, when no P was applied (Table 4) . Co-application of P enhanced recovery of N fertilizer, increasing the recovery to 58% in W, reflecting the higher yield response to N when co-applied with P (Fig. 4) . This latter value was typical of recoveries observed in other Canadian studies with near-optimal nutrient amendment rates (Janzen et al. 2003) .
The low recovery of fertilizer N with fallow can be attributed to two factors: the potential losses of N fertilizer via leaching or denitrification under fallow (Campbell et al. , 2006 , and perhaps more importantly, the reduced crop demand for N in the fallow system, resulting in lower plant N uptake. In many instances, the amount of N applied in the systems with fallow likely exceeded crop demands, resulting in high losses. An earlier study in our long-term experiment demonstrated significant leaching losses, especially in a FW system (Beke et al. 1994) .
The incomplete recovery of fertilizer N, as reported here, has been widely observed elsewhere. Ladha et al. (2016) , for example, in a global assessment of N budgets in cereals, estimated that 47% of N applied in fertilizer was recovered in crops in the year of application, and suggested that the remaining N would be lost if soil N reserves had approached a steady state. Zhang et al. (2015) similarly estimated that for global croplands, harvested N was approximately 42% of N applied, in various sources. Conant et al. (2013) , in an analysis of fertilizer N recovery in grain from the 1960s to 2007, found little discernible improvement over those decades. Despite widespread advances in agronomic methods and technologies, they concluded that "these practices seem not to have enabled substantial improvements of the efficiency with which N inputs are captured by harvestable products".
Our estimate of fertilizer-derived N uptake represents long-term recovery over about a half-century of fertilization, not a single year assessment. Any residual uptake, from turnover of previously applied N, therefore, is included in our recovery value. Conceivably, recovery might have been somewhat higher had the fertilizer been applied using more precise placement, rather than the broadcast method used in our study. Because our long-term experiment uses ammonium nitrate, however, and our estimate includes long-term residual . The value shown for 1910, before the rotations were established, is an average of values from three plots: 2.08, 1.80, and 2.06 mg N g −1 , for Chemist plots W, FWW, and FW, respectively. Differences among these plots were assumed to reflect sampling variability. Sample origins for the various dates are described in Table 1 . Values plotted for 1953 represent the mean of analyses from the Rotation and Chemist plots. Values plotted for 2003 represent the mean of analyses from the 0-7.5 and 7.5-15 cm soil depth considering their corresponding bulk density. W, continuous wheat; FWW, fallow-wheat-wheat; FW, fallow-wheat. uptake, it seems unreasonable to expect a substantial increase in recovery even with improved methods of application. Some of the unrecovered N, conceivably, could reside in soil organic pools, but there is no evidence of organic N accumulation; indeed, total N concentrations appeared to have declined slightly in recent decades.
N balance
We calculated an N balance for two time periods, each of roughly half-century duration, corresponding to the periods before and after the establishment of N fertilizer treatments (Table 5 ). In the first segment, average annual N removal was 23-26 kg N ha −1 yr −1 . In the same time period, the soil N pool declined, on average, by 20-23 kg N ha −1 yr −1 . Thus, when input in seed was included, the net removals were almost exactly balanced by losses of soil organic N. In effect, an amount of N, roughly equivalent to mineralized N, was absorbed by the growing crops. The N balance for the post-1967 time period, however, tells a somewhat different story. By this time, the soil organic matter had more-or-less reached a steady state, so there was now no appreciable net contribution from mineralization of organic N. In the unfertilized systems, N removal in grain now averaged approximately 30 kg ha −1 yr −1 in all systems, somewhat more than in the earlier segment, reflecting increased yields. At the same time, there was little or no contribution from mineralizing organic N. Consequently, the balance shows a net shortfall of inputs amounting to 23-29 kg N ha −1 yr −1 .
Applying N to the various systems increased N removal in grain, especially under continuous cropping. The net contribution of soil N to this removal was minimal, and in the case of W, the soil organic matter appeared to be a small net sink for N. Overall, the calculated "unknown N input" was much smaller (from −1 to 14 kg N ha −1 yr −1 ) than in the treatments receiving no N fertilizer. Almost certainly, however, the unknown N input was underestimated because a large fraction of the added N was presumably lost. For example, if we estimate the "effective" N input a Subscripts denote the rate of fertilizer N or P applied (kg ha −1 ). from fertilizer, using the recoveries estimated earlier (Table 4) , then the calculated "unknown N input" was 27-33 kg N ha −1 yr −1 , values very similar to those in the unfertilized treatments. This latter approach is clearly a rough approximation, but it shows that the unknown N input may be consistent across all systems, regardless of fertilizer treatment. During the initial half-century of the study, N removals roughly equalled loss of soil N, suggesting efficient use of mineralized N. This finding, however, may hide substantial losses of mineralized N in the initial decades, when much of the soil N loss occurred. For example, Beke et al. (1994) reported significant accumulation of nitrate in the deep soil profile, especially in the FW system, implying past leaching events. If so, then there may have been significant inputs of non-fertilizer N also in that first half-century, to offset the presumed losses.
In all cases, our estimate of unknown inputs is almost certainly conservative, because our calculation assumed no losses from denitrification, volatilization, and leaching of N. Any significant losses via these routes would further increase the amounts of input needed to close the N budget. For example, an annual loss of N via these processes of 10 kg N ha −1 (not an excessive amount), would elevate unknown inputs by a corresponding amount. This estimated input from unknown sources is similar to that reported earlier for this study (Bremer et al. 1995; Janzen 1995) , and also in southwestern Saskatchewan (Biederbeck et al. 1984; Campbell et al. 2004 ) and elsewhere (Powlson and Jenkinson 1990) . The origins of this unaccountable N remain uncertain, but likely include small amounts from N in precipitation (Janzen et al. 1997b) . Biederbeck et al. (1984) postulated the contribution of N extracted by roots from below the sampling depth, but our study found little evidence of large inputs from this source. For example, contribution from mineralizing organic N for 15-30 cm of soil depth across all rotations was estimated to be 2 kg ha −1 yr −1 for 1911-1966 and 6 kg ha −1 yr −1 for 1967-2014, based on changes in soil N in this layer. Biological N 2 fixation may contribute small amounts of reactive N, but earlier studies at this site indicated measurable but only minor amounts (<0.1 kg N ha −1 yr −1 ) added via this route (Bremer et al. 1995) . A more important potential source, particularly relevant in our study, may be deposition of NH 3 (Janzen et al. 1997b; Bobbink et al. 2010; Ti et al. 2012) . For many decades, until 1983, intensive livestock operations were located upwind of this experiment (with prevailing westerly winds), <1 km away. Measurements of NH 3 deposition in southern Alberta, prompted in part by the N imbalance in these long-term plots, show large fluxes of NH 3 emitted from beef feedlots, and significant deposition of this NH 3 downwind of these sources (Hao et al. 2006; McGinn et al. 2016) . If these operations were a significant source of NH 3 , as hypothesized, their closure will be reflected, over time, in enhanced N deficiency in subplots receiving no N fertilizer, and in greater responses to added N. Most likely, the apparent non-fertilizer N input into these long-term systems reflect multiple sources, including precipitation and dry deposition. Regardless of their origin, our study indicates that the N balance of a cropping system cannot be considered in isolation of N dynamics in surrounding ecosystems.
Flaws and merits of historical plots
Like all long-term experiments of similar vintage, the Lethbridge historical plots have notable flaws and defects: they are unreplicated, so that conventional statistical procedures must be applied with caution; they have discontinuity of sampling from one set of plots to another (rotation plots vs. chemist plots); and their data and samples likely include errors almost inevitable from more than 100 yr of study spanning several generations of observers. Still, findings emerging from these plots are invaluable because they cannot be acquired in any other way. For example, few if any other experiments are available to trace the changes in soil N for a century after cultivation of prairie soil. We propose that the flawed but indispensable nature of these plots can be addressed in two steps. The first is to acknowledge and document any deficiencies as clearly as possible, and to interpret results cautiously in light of these shortcomings. For example, the unreplicated design means that any analysis of variance is compromised; but such analyses, though approximate, still point to noteworthy differences among treatments. Second, results and questions arising from these historical plots can be evaluated in experiments of more robust design but shorter duration. For example, the findings from the Lethbridge historical plots can be evaluated using replicated longterm experiments with similar treatments, which often verify their findings (Janzen et al. 1998; Bremer et al. 1994) . In this way, the primitive historical plots retain their value and the credibility of their conclusions can be preserved.
Conclusions
This N budget analysis, spanning more than a century after initial cultivation, revealed the following findings:
• Plots which have never received N fertilizer are acquiring significant amounts of reactive N, perhaps approximately 20-30 kg N ha −1 yr −1 from extraneous sources. The sources of these unknown inputs have not been firmly established, but they may include several origins, including atmospheric NH 3 deposition.
• Over about a half-century, cumulative recoveries of N fertilizer in harvested grain are no better than approximately 60%, even with continuous cropping. The N unaccounted for is apparently not accumulating in soil organic pools, based on our soil analysis.
• Adding N fertilizer, especially with continuous cropping, enhances the amount of organic N conserved in soil, by increasing the amount of crop residue return.
• Long-term experiments provide indispensable opportunities for evaluating the use and fate of nutrients in current and prospective cropping systems.
